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We report the observation of several few-body processes with an ultracold Bose-Bose mixture con-
sisting of sodium and rubidium atoms and weakly-bound NaRb Feshbach dimers. Preparing a pure
dimer sample and tuning the scattering length between Na and Rb via a magnetic Feshbach reso-
nance, a resonant loss feature tied to a Na2Rb2 tetramer state is observed. Preparing an atom-dimer
mixture, a resonance associated with a NaRb2 trimer is also observed. A theoretical framework that
reproduces the experimental observations of the resonance positions qualitatively is developed. Our
combined experiment-theory study provides a first step toward understanding universal low-energy
three- and four-body processes in heteronuclear Bose-Bose mixtures, has practical implications for
molecule production in heteronuclear mixtures, and underlines that much remains to be explored
before a fully satisfactory picture of few-body processes in heteronuclear Bose-Bose mixtures can be
painted.
I. INTRODUCTION
A. Few-body Efimov physics
One of the most amazing features of few-body physics
is the existence of universality across systems governed by
vastly different energy scales. Efimov resonances, which
were originally predicted for nuclear systems [1] but were
first verified with ultracold atoms [2], are a prominent ex-
ample. In the Efimov scenario [1, 3], three-body bound
states known as Efimov trimers emerge when the magni-
tude of at least two of the pairwise interactions in a three-
particle system are tuned to large values, i.e., when the
two-body s-wave scattering length a is much larger than
the range of the interaction potential. The binding ener-
gies of successive Efimov trimers are related discretely by
a simple universal scaling factor λ2 = e2pi/s0 [1, 3], where
s0 is determined by the statistics of the particles, their
mass ratios, and the number of resonant pairwise interac-
tions [3–6]. Intriguingly, Efimov trimers exist not only for
a > 0, where two-body bound states are supported, but
also for a < 0, where no weakly-bound two-body bound
states exist. When |a| is smaller than the range of the
interaction potential, Efimov states are absent entirely.
Ultracold atom systems have become the primary plat-
form for testing Efimov physics due to the capabil-
ity of controlling scattering lengths via magnetic Fesh-
bach resonances [7]. Indeed, since the first experimental
cold-atom observation in 2006 [2], Efimov physics has
been studied extensively in several homonuclear [8–12]
and heteronuclear systems [13–18]. The strongly mass-
imbalanced Li-Cs mixture, e.g., featuring a larger s0
value than the three identical boson system, results in a
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notably reduced scaling factor. The reduced scaling fac-
tor facilitated the observation of three Efimov resonances
on the a < 0 side [15, 16] (here, a denotes the inter-
species s-wave scattering length), which in turn triggered
extensive efforts to understand the Efimov scaling in the
presence of a non-resonant, non-vanishing intraspecies s-
wave scattering length [19, 20]. Moreover, a tiny hump
in the loss spectrum was interpreted [20] as being consis-
tent with a theoretical prediction for where the four-body
LiCs3 state hits the four-atom continuum [21]. The a > 0
side, in contrast, has been investigated comparatively lit-
tle for heteronuclear systems. While an atom-dimer res-
onance was observed in the 40K-87Rb system [14], no
experimental results have been reported yet for the het-
eronuclear four-body sector, despite the fact that some
theoretical predictions exist [21–23].
A very convenient candidate for investigating four-
body physics is an ultracold gas of weakly-bound Fes-
hbach molecules (FMs). In the homonuclear Cs2 dimer
gas, Feshbach-like resonances were observed around an
atomic g-wave Feshbach resonance [24] and a loss mini-
mum, rather than a resonance, was reported in the halo-
dimer regime [25]. Later on, D’Incao et al. [26] inter-
preted this loss minimum as the region between two
dimer-dimer Feshbach-like resonances (a∗dd,i with i = 1
and 2 in Ref. [26]) that are associated with four-body
states. The positions of these resonances are given by
two universal relations that connect a∗dd,i with the scat-
tering length a∗ad at which the atom-dimer resonance oc-
curs. For identical bosons, it has been theoretically pre-
dicted [27, 28] and experimentally verified [29] that there
exist exactly two such four-body states tied to each Efi-
mov trimer. For a mixture consisting of light bosons (L)
and heavy bosons (H), the situation is significantly more
complicated since there may exist two distinct heteronu-
clear trimers (LH2 and L2H) and three distinct tetramers
(L3H, L2H2 and LH3) [21–23].
In this work, we experimentally and theoretically in-
vestigate several heteronuclear three- and four-body pro-
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2cesses with the ultracold 23Na-87Rb system [30, 31],
which is characterized by the mass ratio κ = mRb/mNa ≈
3.78 with mRb and mNa denoting the atomic mass of
87Rb and 23Na, respectively. Our experimental stud-
ies focused on the interspecies scattering length a >
0 side where NaRb FMs can be created by magneto-
association [32]. In a sample of pure FMs, we observed
a dimer-dimer loss resonance, which is attributed to a
Na2Rb2 tetramer state. An atom-dimer resonance that
is related to the NaRb2 Efimov trimer was measured in a
mixture of NaRb FMs and Rb atoms. Theoretical calcu-
lations based on the adiabatic hyperspherical framework
for zero-range interactions yielded an Rb-NaRb atom-
dimer resonance position in good agreement with the ex-
perimentally measured one and predicted the position
of a Na-NaRb atom-dimer resonance, without input be-
sides the two-body scattering lengths. Using this infor-
mation, a low-energy description of the four-body sys-
tems Na2Rb2 and NaRb3 was developed. The qualita-
tive agreement between experiment and theory allowed
us to propose a generalized Efimov scenario for heavy-
light Bose-Bose mixtures.
B. Overview of light-heavy Bose-Bose mixture
The goal of the present work is to obtain a first un-
derstanding of the universal three- and four-body pro-
cesses, or absence thereof, in ultracold light-heavy Bose-
Bose mixtures with large positive interspecies scattering
length. In the ideal Efimov scenario, where the Rb-Rb
and Na-Na scattering lengths vanish, the scaling factors
for the NaRb2 and Na2Rb systems are λNaRbRb = 37
and λNaNaRb = 5.1× 108, respectively. These large scal-
ing factors make it experimentally demanding if not im-
possible to observe features associated with consecutive
three-body Efimov states. However, the relationship be-
tween the critical scattering lengths associated with a
NaRb2 Efimov trimer and a Na2Rb Efimov trimer (de-
noted by a∗ad,Rb and a
∗
ad,Na, respectively, in Fig. 1) or
that associated with a NaRb2 Efimov trimer and one of
the four-body states (the scattering length for one such
state is denoted by a∗dd in Fig. 1) provides an alterna-
tive route to experimentally deduce information about
the generalized light-heavy Bose-Bose Efimov scenario.
Since four-body processes in light-heavy Bose-Bose
mixtures have never been explored experimentally and
since the theoretical description of the four-body sectors
is still in its infancy, we start our discussion by intro-
ducing the relevant system parameters. The two-body
system parameters are the mass ratio κ, the light-light,
heavy-heavy and light-heavy scattering lengths (denoted
by aLL, aHH and a), and the light-light, heavy-heavy and
light-heavy van der Waals lengths. Either the scattering
lengths at which the trimers hit the three-atom threshold
or the binding energies at unitarity can be used to define
the three-body parameters. For homonuclear systems, it
was found that the three-body parameter is, with about
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FIG. 1. Schematic few-body energy spectrum of the Na-Rb
system. The binding energies for one and two NaRb dimers,
the NaRb2 and Na2Rb trimers and the Na2Rb2 tetramer are
shown as a function of 1/a. To enhance the readability, several
other trimers and tetramers are not shown. The shaded area
above zero energy is the atomic scattering continuum, while
the yellow and gray shaded areas represent the dimer-dimer
and atom-dimer scattering continuum, respectively. The ob-
served resonances for NaRb + NaRb at a∗dd and Rb + NaRb
at a∗ad,Rb are marked by the diamond and the solid red cir-
cle, respectively. The, as of yet, experimentally unconfirmed
Na + NaRb resonance at a∗ad,Na is marked by the dotted red
circle. The red square and triangle indicate the thresholds of
the rearrangement reactions NaRb + NaRb → NaRb2 + Na
and NaRb + NaRb → Na2Rb + Rb, respectively. The cor-
responding scattering lengths (not marked) are areactiondd,Rb and
areactiondd,Na . On the a < 0 side, the “Efimov favored” NaRb2 and
the “Efimov unfavored” Na2Rb trimers intersect the three-
atom continuum at a−Rb and a
−
Na, respectively.
15% accuracy, determined by the van der Waals length,
i.e., the three-body parameter was found to be deter-
mined, to a good approximation, by two-body parame-
ters [33–35]. Reference [36, 37] suggested that this notion
could be extended to heteronuclear three-body van der
Waals systems, in which the identical particles are either
bosons or fermions; unfortunately, however, the emergent
universality appeared to be rather complicated.
Very recently [20], it was suggested that a zero-range
theory that is based on the inter- and intraspecies two-
body scattering lengths alone predicts a subset of the
133Cs2
6Li (133Cs is a composite boson) properties on
the negative interspecies scattering length side qualita-
tively. Application of this model to the positive inter-
species scattering length side (see Sec. III A) predicts
that the atom-dimer scattering length a∗ad,Na at which
the lowest Na2Rb Efimov trimer in the “upper” Efi-
mov branch (there exists a “lower” and an “upper” Efi-
mov branch [20]) merges with the Na-NaRb atom-dimer
threshold is larger than the atom-dimer scattering length
a∗ad,Rb at which the lowest NaRb2 Efimov trimer in the
upper Efimov branch merges with the Rb-NaRb atom-
dimer threshold. The open circles in Fig. 1 mark the
scattering lengths at which enhanced losses due to the
energetic degeneracy of the trimers and the NaRb dimer
should be observable experimentally. Indeed, Sec. II B
3reports the experimental observation of one of these res-
onances.
In the four-body sector, resonant loss features asso-
ciated with processes that involve Na2Rb2, Na3Rb, and
NaRb3 should, in principle, be observable. The latter two
tetramers, Na3Rb and NaRb3, are expected to be tied to
the Na2Rb and NaRb2 trimers, respectively. At unitarity,
the existence of one LH3 tetramer tied to each LH2 trimer
was predicted for the mass ratio 8 [21]. This tetramer is
expected to exist on the positive interspecies scattering
length side till the tetramer energy hits the LH+H+H or
LH2+H thresholds. Whether such a tetramer state exists
for the smaller Rb-Na mass ratio of 3.78 is presently un-
known. Moreover, near the dimer+atom+atom thresh-
old, a new sequence of effective three-body Efimov states
consisting of a tightly-bound light-heavy dimer and two
atoms has been predicted to exist for mass ratios 30
and 50 [23]. Whether such effective three-body Efimov
states exist for much smaller mass ratios is presently un-
known. Last, whether Na3Rb tetramers—attached to the
so-called Efimov unfavored Na2Rb trimer—exist, has, to
the best of our knowledge, not yet been studied.
This work focuses on Na2Rb2 tetramers, which can be
probed experimentally via collisions between two NaRb
dimers in an ultracold molecular NaRb sample. Theoret-
ically, this four-body system is particularly interesting
as it contains the NaRb2 and Na2Rb trimer subsystems.
Thus, it is a priori not clear, if the Na2Rb2 tetramer is,
at least predominantly, associated with one of the two
sub-Efimov trimers. Our finite-range low-energy Hamil-
tonian, which is constructed to roughly reproduce the en-
ergies of the Na2Rb and NaRb2 trimers obtained within
the zero-range framework (see Sec. III B for details), pre-
dicts the existence of one Na2Rb2 tetramer that lies be-
low the NaRb2 trimer and, roughly, traces the energy of
this trimer (see Fig. 1 for a schematic). The critical scat-
tering length a∗dd is found to be, theoretically and experi-
mentally, larger than the critical scattering length a∗ad,Rb.
The next section discusses our experimental studies and
Sec. III presents the theoretical models. The interpreta-
tion of the data is presented in Sec. IV. Lastly, Sec. V
presents an outlook.
II. EXPERIMENT
A. Feshbach resonance and Feshbach molecules
The starting point of our experiment is an ultracold
mixture of Rb and Na atoms both in their lowest hy-
perfine Zeeman level |F = 1,mF = 1〉, where F is the
atomic hyperfine quantum number and mF the corre-
sponding projection quantum number. The interspecies
s-wave scattering length a is tuned using the Feshbach
resonance located at B0 = 347.64 G [30, 32]. In the
vicinity of B0, the dependence of a on the magnetic field
strength B is given by
a = abg
(
1− ∆
B −B0
)(
1− ∆1
B −B1
)
, (1)
with the background scattering length abg = 66.8a0 (a0
is the Bohr radius) and the resonance width ∆ = 5.20
G as measured by radio frequency association spec-
troscopy [32]. The second term in round brackets on the
right hand side of Eq. (1) accounts for the influence of a
nearby resonance located at B1 = 478.83 G with width
∆1 = 4.81 G.
For the magnetic field strengths considered, the Rb-
Rb and Na-Na scattering lengths are approximately con-
stant, aRbRb = 100.4a0 [38] and aNaNa = 54.5a0 [39]. The
fact that these scattering lengths are finite and positive
has, as we will show in this work, an appreciable effect
on the critical scattering length values at which the Efi-
mov trimers hit the atom-dimer threshold. For positive
and large interspecies scattering length a, weakly-bound
Feshbach NaRb molecules can be obtained. Universal
or semi-universal physics is expected to emerge if a, in
absolute value, is sufficiently large.
The precise determination of a is essential for the anal-
ysis and for connecting experiment and theory. Presently,
the B-to-a-conversion is limited by two factors. First,
the parameters entering into Eq. (1) have uncertain-
ties [30]. Second, because of the relatively small abg
and ∆, the magnetic field needs to be tuned rather close
to B0 to obtain large a. This implies that the short-
term magnetic field stability of about ±7 mG translates
into a non-negligible uncertainty of a for magnetic field
strengths near B0. For the smallest |B −B0| considered
in this work, i.e., for B = 347.480(7) G, Eq. (1) yields
a = 2320(98)a0. A new magnetic field system with better
stability and faster response times, which will allow for
an improved characterization of the Feshbach resonance,
is currently under development.
To create FMs, we start with an atomic mixture at
B = 355 G (a = 20.3a0) and then sweep across the reso-
nance to B = 335.62 G (a = 98.9a0) to do the magneto-
association. The interspecies scattering length a and the
binding energy of the FMs can then be controlled by
changing the magnetic field strength between 335.62 G
and 347.48 G, corresponding to binding energies ranging
from about 2pi × 22 MHz to 2pi × 19 kHz [30], which are
comparable to or smaller than the van der Waals energy
of 2pi× 17.6 MHz. Last, for detection, the magnetic field
is swept reversely across the resonance to dissociate the
FMs. The resulting atoms are imaged using standard
absorption imaging methods.
B. Atom-dimer collisions
To investigate the collisions between Rb and NaRb, we
selectively remove residual Na atoms after the magneto-
association. To this end, we first transfer the Na atoms
to the |2, 2〉 hyperfine Zeeman level with a microwave
4rapid adiabatic passage and then drive the cycling tran-
sition with a resonant light pulse. Afterward, the mag-
netic field strength is increased to the desired value and
the time evolution of both the atoms and the molecules
is measured. The remaining molecules are detected by
looking at the Na signal.
In principle, both atom-molecule and molecule-
molecule collisions can cause the loss of molecules in an
atom-molecule mixture. However, since the number of
atoms in our experiments is typically 10 times larger than
the number of molecules, the molecule loss induced by
atom-molecule collisions is much faster than that induced
by inelastic molecule-molecule collisions. Figure 2(a) ex-
emplarily shows the time evolution of the NaRb molecule
number at B = 344.31 G. It can be seen that the molecule
loss happens on a time scale of less than 10 ms. On this
time scale, molecule-molecule collisional loss is, as will
be shown in Sec. II C, negligible. Moreover, the Rb atom
number time evolution data shown in Fig. 2(b), which are
taken together with the data shown in Fig. 2(a), demon-
strate that the loss of atoms is also negligible on the same
time scale. In what follows we thus assume that the data
in Fig. 2(a) are governed by the Rb-NaRb loss rate coef-
ficient βad,Rb.
The temperature of the Rb cloud is measured to be
TRb = 255(20) nK with time-of-flight expansion. Since
we observe no changes of TRb on the time scale of
the measurement, the average number density 〈nRb〉 =
[mRbω¯
2
Rb/(2pikBTRb)]
3/2NRb/
√
8 of the Rb atoms should
be constant. Here a Gaussian distribution for thermal
samples in a harmonic trap is assumed with ω¯Rb, NRb
and kB denoting the average trap frequency (ω¯Rb is mea-
sured to be 2pi × 72(1) Hz), the Rb atom number, and
the Boltzmann constant, respectively. The rate equation
dN/dt = −βad,Rbα 〈nRb〉N (2)
for the number of molecules N then leads to an exponen-
tial time evolution:
N(t) = N0e
−βad,Rbα〈nRb〉t. (3)
Here βad,Rb is the Rb-NaRb loss rate coefficient, N0 is the
initial molecule number and α 〈nRb〉 is the effective atom
density experienced by the molecules, with α = 0.79 de-
termined by the density distributions and the differential
gravity sag of the two clouds [40].
To extract βad,Rb, the NaRb molecule time evolution is
fit to Eq. (3). The solid line in Fig. 2(a) shows an example
of such a fit for a fixed magnetic field strength B. The de-
pendence of βad,Rb on B is summarized in Fig. 2(c), with
the error bars representing the uncertainty of the fit. The
systematic error of βad,Rb due to the uncertainties of the
effective in-trap density α 〈nRb〉 amounts to ±20%. An
additional systematic uncertainty comes from the possi-
ble non-equilibrium density distribution due to the short
experimental time scale, which does likely leave the sam-
ples not enough time to thermalize; we do not currently
have a reliable way to estimate the systematic uncer-
tainty due to these non-equilibrium effects. Figure 2(c)
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FIG. 2. Magnetic field dependence of the Rb-NaRb collisions.
(a) and (b) show the time evolution of the number of NaRb
dimers and Rb atoms, respectively, at 344.31 G. The solid
line in (a) shows the exponential fit of the data to Eq. (3).
(c) shows the loss rate coefficient βad,Rb as a function of the
magnetic field strength B. The error bars represent the un-
certainties of the fits (see the solid line in (a)).
shows that βad,Rb exhibits a maximum away from the
interspecies Feshbach resonance.
Using Eq. (1), Fig. 3(a) replots the data from Fig. 2(c)
as a function of a. If the loss maximum at a ≈ 160a0 is
an Efimov resonance, then its lineshape can be described
approximately by [41]
βad,Rb = C
sinh(2η∗)
sin2[s0 ln(a/a∗ad,Rb)] + sinh
2(η∗)
~a
mNa
. (4)
Here C is a constant, s0 is equal to 0.87 for the mass ra-
tio κ = 3.78, a∗ad,Rb is the atom-dimer resonance position,
and η∗ is the linewidth of the resonance. Strictly speak-
ing, Eq. (4) is derived for T = 0; thus, it may not fully re-
produce the lineshape of the experimental finite temper-
ature data. Moreover, the resonance position extracted
from the fit should be interpreted as an estimate and not
as the definite zero-temperature resonance position. The
fit (solid line in Fig. 3(a)) yields a∗ad,Rb = 171(3)a0 and
η∗ = 0.32(1).
We have also studied Na atom and NaRb molecule
collisions following a similar procedure. However, the re-
moval of residual Rb atoms requires longer light pulses
than the removal of residual Na atoms due to the smaller
photon recoil and larger optical trap depth. This in-
evitably causes some heating and loss of FMs. As a re-
sult, the Na+NaRb mixture has a higher temperature
and a lower signal to noise ratio than the Rb+NaRb mix-
ture. Although we observed some hints of an atom-dimer
loss peak, the poor signal to noise ratio prevented us from
identifying it conclusively. We thus choose not to show
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FIG. 3. (a) Atom-dimer loss rate coefficients βad,Rb vs a for
Rb and NaRb collisions. The data are the same as those
shown in Fig. 2(c). The solid curve is a fit to Eq. (4). (b)
Dimer-dimer loss rate coefficient βdd vs a for NaRb Feshbach
molecule collisions. The filled circles, corresponding to T =
730(30) nK, and the solid line are the same as those shown in
Fig. 4(c). For comparison, the blue triangles at small a show
results from data taken at a sample temperature of about
1 µK. All scattering lengths are calculated using the B-to-a
conversion given in Eq. (1).
the data here and relegate further investigations to the
future.
C. Dimer-dimer collisions
To prepare a pure dimer sample, the residual Na and
Rb atoms are removed by applying a strong magnetic
field gradient pulse at 335.62 G right after the magneto-
association [32]. At this magnetic field strength, the
FMs have a near zero magnetic dipole moment and are
thus nearly intact. Our experimental procedure routinely
yields a pure molecular sample with up to 104 NaRb
FMs. To measure the loss rate, the time evolution of
the molecule number is recorded after ramping B from
335.62 G to the desired field strength.
Figures 4(a)-4(d) show the time evolution of the
NaRb molecule number for four different magnetic field
strengths. The loss time scale of the molecular sample is
of the order of several 100 ms, i.e., it is notably longer
than the loss time scale of the atom-dimer sample dis-
cussed in the previous section. Over their lifetime, the
FMs can undergo several in-trap sloshing periods. The
mean trap oscillation frequency measured from the slosh-
ing motion is ω¯ = 2pi × 76(1) Hz. It shows no detectable
dependence on the magnetic field strength. The typi-
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FIG. 4. Magnetic field dependent loss of pure NaRb FMs. (a)-
(d) show the time evolution of the number of NaRb molecules
for four selected magnetic field strengths, with (a) and (d)
taken relatively far away from the observed loss maximum
and with (b) and (c) taken relatively close to the observed loss
maximum. The red solid and blue dashed curves are obtained
by fitting the data by the two-body loss model [see Eq. (5)]
and by the three-body loss model [see Eq. (6)], respectively.
The symbols in (e) show the two-body dimer-dimer loss co-
efficient βdd, extracted by fitting the experimental data by
Eq. (5), as a function of the magnetic field field strength B.
The error bars represent the uncertainties of the fits. The
resonance position is determined by fitting the data near the
loss maximum to a Lorentzian lineshape (red solid curve).
The vertical dashed line marks the position of the Feshbach
resonance.
cal sample temperature T is measured to be 730(30) nK
by adding time-of-flight expansion before dissociating the
molecules for detection. The calculated typical initial
peak density is 1× 1011 cm−3.
In principle, the observed losses can be caused by sev-
eral possible inelastic processes. Two colliding NaRb
dimers can form either a Na2Rb or a NaRb2 trimer, with
the fourth atom carrying away the released binding en-
ergy. Alternatively, one of the dimers can relax into a
more deeply bound state, with the other dimer being dis-
sociated. Both processes contribute, in principle, to two-
body dimer loss [22]. Unfortunately, our measurements
cannot distinguish whether one of these processes is dom-
inant or whether both contribute appreciably. Near the
magnetic field strengths at which the loss of dimers is
maximal, the magnitude of the dimer-dimer scattering
length add is expected to be large. In this regime, the
6loss of dimers may be triggered by collisions involving
three dimers. We refer to this as three-body dimer loss.
Without a priori assumption, it is not clear which, if any,
of these processes dominates the loss of dimers from the
molecular sample.
To determine the dimer loss processes, we model the
measurements with both two-body and three-body loss
equations. The red solid curves in Figs. 4(a)-4(d) show
fits to the two-body rate equation
dN
dt
= −βdd 〈n〉N = −βdd 1√
8
(
Mω¯2
2pikBT
)3/2
N2, (5)
where βdd is the two-body dimer-dimer loss rate coeffi-
cient and M = mRb+mNa is the molecular mass. Circles
in Fig. 4(e) show the extracted βdd as a function of the
magnetic field strength B. The data show a loss maxi-
mum at about 347 G, corresponding to 600a0. The blue
dashed curves in Figs. 4(a)-4(d) show fits to the three-
body rate equation
dN
dt
= −γdd
〈
n2
〉
N = −γdd 1
3
√
3
(
Mω¯2
2pikBT
)3
N3, (6)
where γdd denotes the three-body loss rate coefficient.
The quality of the fits reveals that the dominant loss
mechanism changes with the magnetic field strength.
The measurements shown in Figs. 4(a) and 4(d), which
are taken at B field values where βdd is small, are well
described by the two-body model. The measurements
shown in Fig. 4(b), which are taken at a B field value
very close to that where βdd is maximal, in contrast, are
better described by the three-body model. Figure 4(c),
which is taken at B = 347.097 G [just to the right
of where βdd takes its maximum; see Fig. 4(e)], shows
an intermediate case where neither the two-body model
nor the three-body model provide a fully satisfactory de-
scription of the data. The observation that three-body
processes become more important as the magnetic field
strength increases from B = 345.941 G to B = 346.90G
and then become less important again as the magnetic
field strength increases further is taken as evidence that
the dimer-dimer scattering length is strongly dependent
on the magnetic field strength. This suggests the exis-
tence of a dimer-dimer Feshbach resonance. As further
supported by our theoretical modeling in Sec. III B, the
magnetic field strength at which the loss peak is centered
corresponds to the critical scattering length a∗dd at which
the Na2Rb2 state intercepts the NaRb+NaRb curve in
Fig. 1.
The above analysis comes with a caveat. Even if the
measurements are well described by a model that ac-
counts for only one loss process, contributions from the
other process may also play a role. We tried to extract
both loss rate coefficients simultaneously by fitting to
a model that includes both two- and three-body losses.
However, the error bars of the loss rate coefficients ob-
tained in this manner tend to be too large to extract
reliable information. For data taken away from the loss
maximum, the resulting γdd is, in some cases, negative.
This indicates that three-body losses are significant only
near the loss resonance. Since we were not able to deter-
mine a clear transition point from two-body dominated to
three-body dominated loss, our analysis of the molecule
loss from a pure dimer sample is based on the fits to
the two-body model shown in Fig. 4(e). Because of this,
the βdd values in Fig. 4(e), especially near the loss max-
imum, should be viewed as effective two-body loss rate
coefficients that may be “contaminated” to varying de-
grees by three-body contributions.
Equations (5) and (6) assume a Gaussian distribution
for a thermal sample in a harmonic trap. However, even
at the loss minimum near 344.5 G, where three-body
contributions should be negligible, βdd is quite large,
βdd ≈ 3.5 × 10−10 cm3s−1. Such a fast loss rate likely
leaves the sample insufficient time to equilibrate, intro-
ducing a potentially large systematic error into βdd. We
do not, unfortunately, have a good way to estimate this
error. In addition, our analysis ignored the heating that
typically accompanies inelastic collisions. Due to the
anti-evaporation effect, the molecules removed have, on
average, a lower energy than those that remain in the
sample [42]. Our estimates suggest that this heating ef-
fect increases βdd by less than 10%.
To extract the resonance position from the data shown
in Fig. 4(e), we fit the data near the loss maximum to a
Lorentzian function. This yields a resonance position of
346.99(1) G or, using Eq. (1), a∗dd = 625(15)a0. The re-
sulting fit [solid line in Fig. 4(e)] describes the data quite
well. We stress that this functional form is empirical and
not motivated by theoretical arguments. Figure 3(b) re-
plots, using the B-to-a conversion given in Eq. (1), the
data from Fig. 4(e) as a function of the interspecies scat-
tering length a.
III. THEORY
A. Three-body system with zero-range two-body
interactions
In our first set of calculations, the NaRb2 system
is treated in the adiabatic hyperspherical approxima-
tion [43–45] with two-body zero-range inter- and in-
traspecies interactions. Figure 5 shows the two lowest ef-
fective adiabatic potential curves as a function of the hy-
perradius R for a fixed Rb-Rb scattering length and var-
ious interspecies scattering lengths a, namely a/aRbRb =
100, 4, 2 and 1.7. The hyperradius R is defined as R2 =
d−2(r13)2+d2(r13,2)2, where r13 denotes the distance be-
tween the Na atom (atom 3) and one of the Rb atoms
(atom 1) and r13,2 denotes the distance between the cen-
ter of mass of the 13 subunit and the second Rb atom
(atom 2). The mass scale d is defined as d2 = µ13,2/µR,
where µ13,2 = (mRb+mNa)mRb/(2mRb+mNa) is the re-
duced mass associated with the Jacobi distance r13,2 and
µR the hyperradial mass [µ
2
R = m
2
RbmNa/(2mRb+mNa)].
7Figure 5 scales the hyperradius by aRbRb and the energy
by Escale = ~2/[mNa(aRbRb)2].
The lowest adiabatic potential curve (dashed lines) ap-
proaches the Rb2 dimer energy at large R for all a and
negative infinity as R goes to zero, indicating that the
Hamiltonian needs to be supplemented by a three-body
parameter to avoid the Thomas collapse. The three-body
states that “live” in these potential curves are referred
to as belonging to the first or lower Efimov branch. The
second lowest potential curve (solid lines), in contrast,
approaches the NaRb dimer energy at large R for all a.
This NaRb dimer threshold lies above the Rb2 thresh-
old for the a considered; it crosses the Rb2 threshold at
a = 1.546aRbRb, i.e., at an interspecies scattering length
that is somewhat smaller than those considered in Fig. 5.
The solid lines exhibit a minimum around R ≈ 3−4aRbRb
and approach positive infinity as R goes to zero. The
three-body states that live in these potential curves are
referred to as belonging to the second or upper Efimov
branch. The repulsive small-R behavior implies that one
can, within the adiabatic hyperspherical approximation,
calculate the NaRb2 energies for the zero-range inter-
action model based solely on the two-body scattering
lengths.
Since the experiments discussed in Sec. II B are con-
ducted using a mixture of Rb atoms and NaRb dimers,
we calculate the three-body energies in the second low-
est adiabatic potential curves and search for the scatter-
ing length at which the NaRb2 trimer energy is equal to
the NaRb dimer energy, i.e., we search for the scatter-
ing length ratio a/aRbRb at which the adiabatic poten-
tial curves shown by solid lines in Fig. 5 cease to sup-
port a three-body bound state. We find that this occurs
at a = a∗ad,Rb ≈ 1.72aRbRb or, plugging in the Rb-Rb
scattering length for the experimentally relevant reso-
nance, at a∗ad,Rb ≈ 173a0. This parameter-free zero-range
prediction agrees well with the experimentally measured
value of a∗ad,Rb ≈ 171a0.
It should be kept in mind that the adiabatic hyper-
spherical approximation is, as the name indicates, an
approximation. Inclusion of the adiabatic correction
changes the critical scattering length prediction by about
5%, i.e., we find a∗ad,Rb ≈ 1.81aRbRb (we note that the
percentage corrections are larger for the critical scatter-
ing lengths associated with excited states). While the
relatively small change upon inclusion of the adiabatic
correction may be interpreted as suggesting that the adi-
abatic hyperspherical approximation makes quantitative
predictions, we cautiously note that these values cannot,
since we are dealing with excited states, be interpreted as
lower and upper bounds [46]. In principle, the entire set
of adiabatic potential curves and associated channel cou-
plings should be taken into account. Such a calculation
is, however, not pursued here. One of the reasons is that
the zero-range approximation itself needs to be extended
to account for finite-range effects. Our premise is that
the adiabatic hyperspherical framework provides physi-
cal insights as well as estimates for the critical scattering
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FIG. 5. Effective adiabatic hyperspherical potential curves
U(R) for the NaRb2 system with zero-range interactions. The
scattering length ratios considered are a/aRbRb = 100 (black),
4 (green), 2 (blue), and 1.7 (red), from top to bottom for
both the solid and the dashed lines. The potential curves
shown by dashed and solid lines correspond to the lower Efi-
mov branch and the upper Efimov branch, respectively. The
dashed lines approach the Rb2 dimer energy of −κ−1Escale =
−0.2645Escale at large R. The solid lines approach the
NaRb dimer energy of −(1 + κ−1)(aRbRb/a)2Escale/2 =
−0.6323(aRbRb/a)2Escale at large R.
lengths that can be used to qualitatively, and possibly
semi-quantitatively, explain aspects of the experimental
results.
In addition to the critical scattering length a∗ad,Rb asso-
ciated with the lowest NaRb2 trimer state of the second
Efimov branch, we used the adiabatic potential curves to
calculate other critical scattering lengths. The next three
higher-lying trimers hit the atom-dimer threshold at
a/aRbRb ≈ 29, a/aRbRb ≈ 1250, and a/aRbRb ≈ 47000,
yielding for the scattering length ratios approximately
1/17 for the lowest two states, 1/43 for the second- and
third-lowest states, and 1/38 for the next pair of states.
These values suggest that the finite value of the Rb-Rb
scattering length has a profound effect on the scatter-
ing length ratios on the positive interspecies scattering
lengths side. Qualitatively, this can be understood by
realizing that the lowest trimer state at the atom-dimer
threshold has three “active” interactions with approx-
imately equal scattering length (the scaling factor for
three resonant interactions is λ = 16.12) while the higher-
lying states at the atom-dimer threshold resemble more
and more the situation where only two interactions are
“active” (recall, the scaling factor for two resonant inter-
actions is λNaRbRb = 37).
For completeness, we also report the scattering lengths
for the two lowest states for which the trimers hit the
three-atom threshold on the negative interspecies scat-
tering length side. The values are a−Rb ≈ −118aRbRb and−4085aRbRb, yielding a ratio of 1/34.6 and suggesting
that the experimental observation of the first three-atom
loss feature may already require rather good magnetic
field control. In addition, there may exist three-atom loss
8features that are associated with three-body states that
live in the lower Efimov branch; these are not considered
here.
We also treated the Na2Rb system in the adiabatic
hyperspherical approximation. For the upper Efimov
branch (this is the branch for which the corresponding
adiabatic hyperspherical potential curves approach the
NaRb dimer energy at large R), the lowest trimer hits
the atom-dimer threshold at a∗ad,Na ≈ 2.8aRbRb and the
three-atom threshold at a−Na ≈ −40300aRbRb. Combin-
ing the NaRb2 and Na2Rb results, the adiabatic hyper-
spherical framework predicts a∗ad,Na/a
∗
ad,Rb ≈ 2.8/1.72 ≈
1.63. We note that the critical scattering length a∗ad,Na
depends quite sensitively on corrections beyond the adia-
batic hyperspherical approximation, suggesting that it is
quite possible that the ratio a∗ad,Na/a
∗
ad,Rb is larger than
1.63.
The description of the three-body system could be
made more quantitative by constructing a Hamiltonian
that employs finite-range two-body model interactions
with the correct scattering lengths and van der Waals
tails. While this is a worthwhile avenue to pursue, solv-
ing the corresponding four-body Schro¨dinger equation
is a rather challenging task that is not pursued here.
Instead, the next section develops a simple finite-range
framework for which the four-body Schro¨dinger equation
can be solved fairly straightforwardly.
B. Finite-range low-energy model
Section III A suggests that the experimentally observed
atom-dimer loss feature is associated with the lowest
NaRb2 trimer in the second Efimov branch. To treat the
Na2Rb2 and NaRb3 tetramers, we employ a finite-range
model that excludes both Rb2 dimers and Na2 dimers.
As a consequence, the model describes the NaRb2 and
Na2Rb trimers that live in the upper Efimov branch but
not those that live in the lower Efimov branch.
The model assumes that each Rb-Na pair interacts
through an attractive two-body Gaussian potential with
fixed range r0 and variable depth v0; the depth v0 is
adjusted to dial in the desired value of the interspecies
scattering length a. In addition, each Na-Rb-Rb triple in-
teracts through a purely repulsive Gaussian three-body
potential with range R0 and height V0,Rb [21] (note this
three-body interaction potential is distinct from the ef-
fective adiabatic potentials discussed in Sec. III A). Sim-
ilarly, each Na-Na-Rb triple interacts through a purely
repulsive Gaussian three-body potential with the same
range R0 and height V0,Na. Throughout, the range R0
is fixed. The height V0,Rb, which serves to set the en-
ergy scale of the NaRb2 trimer, is also fixed and choosen
such that the interspecies scattering length a at which the
NaRb2 trimer energy hits the atom-dimer threshold is a
few times larger than r0 and R0; this separation of scales
ensures that the results are, to a good approximation,
independent of the details of the model potentials. The
height V0,Na, in turn, is varied. For each fixed V0,Na, the
Na2Rb trimer and Na2Rb2 tetramer energies are calcu-
lated as a function of a and the critical scattering lengths
a∗ad,Rb and a
∗
dd are determined. The strategy is then to
choose the “best” V0,Na such that the ratio a
∗
ad,Rb/a
∗
ad,Na
is roughly the same as that for the zero-range model. The
critical scattering length a∗dd obtained in this manner is
a prediction of this low-energy model Hamiltonian. Note
that the critical scattering length at which the NaRb2
trimer and the NaRb3 tetramer become unbound is in-
dependent of V0,Na.
The idea behind the finite-range low-energy interaction
model is that the repulsive Rb-Rb scattering length is ac-
counted for, in an effective manner, by a purely repulsive
three-body potential that introduces a repulsive short-
range repulsion in the adiabatic potential curve for the
NaRb2 system. Similarly, the repulsive Na-Na scattering
length is accounted for, again in an effective manner, by
a purely repulsive three-body potential that introduces
a repulsive short-range repulsion in the adiabatic poten-
tial curve for the Na2Rb system. Adjusting V0,Na while
keeping V0,Rb fixed then allows one to “dial in” the de-
sired relative strengths of these short-range repulsions.
We refer to this model as a low-energy model since the
deeper-lying Na2 and Rb2 thresholds are not accounted
for at all, excluding, e.g., the possibility that the Na2Rb2
tetramer breaks up into Na2 and Rb2.
We solve the time-independent Schro¨dinger equation
for the low-energy Hamiltonian by a basis set expan-
sion approach, namely, we use explicitly correlated Gaus-
sian basis functions with non-linear parameters that are
optimized semi-stochastically [47, 48]. Figure 6 shows
the three- and four-body energies—with the threshold
energies subtracted—for our finite-range model. Pluses
show the energy difference ENaRb2 − ENaRb as a func-
tion of r0/a while triangles show the energy difference
ENaRb2 − 2ENaRb as a function of r0/a, where ENaRb2
is the lowest NaRb2 trimer energy of our model Hamil-
tonian. The points at which these energy differences
vanish are the critical scattering length values. On the
negative scattering length side, this is the critical scat-
tering length a−Rb and on the positive scattering length
side, these are the critical scattering lengths a∗ad,Rb and
areactiondd,Rb , corresponding to the square in Fig. 1 (i.e., the
scattering length at which the rearrangement reaction
NaRb + NaRb → NaRb2 + Rb is expected to be en-
hanced). The model predicts the scattering length ratio
areactiondd,Rb /a
∗
ad,Rb ≈ 8 (in the zero-range model, this ratio is
about 10 in the hyperspherical approximation and 7 if the
adiabatic correction is included) and a ratio of about 20
for the atom-dimer resonance positions of the two lowest
states (recall, the zero-range model, treated in the adia-
batic approximation, yielded ≈ 17). These comparisons
show that our finite-range model reproduces the NaRb2
trimer properties on the positive scattering length side
predicted by the zero-range model quite well.
Our potential model predicts the existence of exactly
one NaRb3 tetramer state. The energy of this state is
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FIG. 6. Three- and four-body energies, relative to vari-
ous thresholds, calculated using the low-energy finite-range
Hamiltonian as a function of 1/a. The pluses show the en-
ergy difference ∆E = ENaRb2 −ENaRb; on the positive a side,
the energy difference is zero at a = a∗ad,Rb. The circles show
the energy difference ∆E = ENa2Rb −ENaRb; on the positive
a side, the energy difference is zero at a = a∗ad,Na. The tri-
angles show the energy difference ∆E = ENaRb2 − 2ENaRb;
on the positive a side, the energy difference is zero at the
critical scattering length where the rearrangement reaction
NaRb+NaRb → NaRb2+Na is enhanced. The squares show
the energy difference ∆E = ENa2Rb2 − 2ENaRb; on the pos-
itive a side, the energy difference is zero at a = a∗dd. The
low-energy Hamiltonian predicts a∗dd > a
∗
ad,Rb. The energy
differences are scaled by ESR = ~2/(2µNaRbr20), where µNaRb
is the reduced mass of the NaRb dimer.
not shown in Fig. 6. Within our numerical accuracy,
the NaRb3 tetramer becomes unbound at the same in-
terspecies scattering length as the NaRb2 trimer.
Next we consider the Na2Rb trimer and Na2Rb2
tetramer, whose energies depend, within our model,
on the three-body height V0,Na. The circles in Fig. 6
show the energy difference ENa2Rb − ENaRb for the
height V0,Na of the repulsive Na-Na-Rb potential cho-
sen such that a∗ad,Na is about three times larger than
a∗ad,Rb. For this model Hamiltonian, the energy differ-
ence ENa2Rb2 − 2ENaRb (squares in Fig. 6) goes to zero
at a = a∗dd ≈ 2.45a∗ad,Rb. If V0,Na is chosen such that
a∗ad,Na is about two times larger than a
∗
ad,Rb, we find
a = a∗dd ≈ 2.17a∗ad,Rb (recall, the zero-range model in the
adiabatic approximation predicts a∗ad,Na/a
∗
ad,Rb = 1.63;
the actual value, however, is—as discussed in Sec. III A—
expected to be somewhat larger). This shows that a∗dd
depends, if expressed in terms of a∗ad,Rb, less strongly
on the value of V0,Na than a
∗
ad,Na, suggesting that the
Na2Rb2 tetramer properties are primarily determined by
the properties of the NaRb2 trimer. Our calculations
suggest that a∗dd is larger than a
∗
ad,Rb. We cannot de-
termine unambiguously whether a∗dd is greater or smaller
than a∗ad,Na, primarily because the zero-range prediction
for a∗ad,Na depends sensitively on whether or not the adi-
abatic correction is included. Our potential model, using
what we consider reasonable values for V0,Na, predicts the
existence of exactly one Na2Rb2 tetramer state.
IV. DISCUSSIONS
Table I summarizes the experimentally and theoret-
ically obtained resonance positions. For the Rb-NaRb
resonance, the parameter-free zero-range prediction of
a∗ad,Rb = 173a0 agrees well with the experimentally mea-
sured value of 171a0, despite the non-universal charac-
ter of the FMs near such small a [32]. Moreover, the
zero-range and finite-range models predict that the next
Rb-NaRb resonance is located at a∗ad,Rb,1 ≈ 3000a0; this
moderately large interspecies scattering length should be
accessible with the improved magnetic field system that
is currently being constructed in our laboratory.
Using an empirical fit to the dimer-dimer loss coef-
ficient βdd, which was extracted from the experimen-
tal data assuming a two-body loss model, we deter-
mined the dimer-dimer resonance position to be located
at a∗dd = 625a0. This value is nearly 50% larger than
the value of 420a0 predicted by the finite-range model.
The fact that both the experimental data and the the-
oretical model exhibit a dimer-dimer resonance, albeit
at somewhat different scattering lengths, is very encour-
aging. The fact that the agreement is, at present, at
the qualitative and not at the quantitative level is not
surprising given that the experiment operates at finite
temperature, that the analysis of the experimental data
is based on a model that does not account for three-body
loss processes, and that the finite-range model makes a
number of simplifying assumptions regarding the four-
body dynamics.
The dimer-dimer loss rate coefficient βdd [see Fig. 3(b)]
decreases from its maximum at a = 625a0 to a lo-
cal minimum at around a = 1600a0 and then increases
again approximately linearly with increasing a. Beyond
a = 2350a0, no experimental information is presently
available for the Na-Rb mixture. The experimental data
provide no evidence for the existence of a loss maxi-
mum due to the rearrangement reaction NaRb+NaRb→
NaRb2+Rb, which is predicted to occur at a ≈ 1400a0
according to the finite-range model and at a ≈ 1750a0 ac-
cording to the zero-range model. One explanation could
be that the rearrangment reaction occurs at larger a than
those covered in the experiment. An alternative expla-
nation could be that the associated loss peak is not very
pronounced, i.e., that a finer magnetic field scan with
improved analysis of the experimental data is needed. A
third explanation could be that the model Hamiltonian
underlying the theoretical calculations neglect important
microscopic details.
We note that the dimer-dimer loss feature that is lo-
cated at around 625a0 has a shape similar to that cal-
culated for homonuclear bosonic Cs2 FMs [26]; the reso-
nance observed in our work corresponds to the first Cs2
+ Cs2 → Cs4 resonance [a∗dd,1 in Fig. 2(b) of Ref. [26]].
In the homonuclear case, a second resonance is caused by
a more weakly-bound second tetramer near the threshold
of the Cs2 + Cs2 → Cs3 + Cs rearrangement reaction.
As discussed in Sec. III B, there exists only one Na2Rb2
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TABLE I. Summary of the calculated and observed few-body
resonances in the Na-Rb system. The results in the column
labeled “zero range” are obtained using the zero-range two-
body interaction model introduced in Sec. III A while those
in the column labeled “finite range” are obtained using the
finite-range low-energy model introduced in Sec. III B. The
interspecies scattering length at which the second Rb-NaRb
resonance is predicted to exist is denoted by a∗ad,Rb,1. In the
column labeled “experiment”, the unexplored regions are left
blank while the regions covered in the current investigation,
but without confirmed resonances, are marked by crosses.
resonances zero range finite range experiment
a∗ad,Rb 173a0 171(3)a0
a∗ad,Rb,1 2941a0 3460a0
a∗ad,Na 281a0 ×
a∗dd ∼ 420a0 625(15)a0
areactiondd,Rb 1730a0 1384a0 ×
a−Rb ∼ −11850a0
a−Na ∼ −4.05× 106a0
tetramer state in our system but two rearrangement reac-
tions, i.e., NaRb+NaRb→ NaRb2+Na and NaRb+NaRb
→ Na2Rb+Rb, might be possible.
Due to these NaRb+NaRb rearrangement reactions,
strong molecule losses for a range of a near the Fesh-
bach resonance should be expected. This is expected to
severely limit the lifetime of the NaRb FM sample. How-
ever, these rearrangement reactions may also have some
useful applications, e.g., for the creation of NaRb2 and
Na2Rb trimers starting from NaRb FMs [26]. Since the
energy released by the two rearrangement reactions is
negligible, both trimers should remain, assuming realis-
tic trap parameters, trapped for further investigations,
although the lifetime of the trimers may be short. With
improved magnetic field stability, which should become
available in the near future, the rearrangement reactions
can be confirmed by observing the appearance of Rb or
Na atoms for pure NaRb samples [26].
The theoretical calculations from Ref. [26] for a pure
Cs system suggest that the dimer-dimer loss rate coeffi-
cient shows a minimum at the Cs-Cs scattering length at
which the atom-dimer resonance happens. Correspond-
ing experimental results for the dimer-dimer loss min-
imum [25] and the atom-dimer resonance [40] were re-
ported in two consecutive publications. Comparing the
scattering length values at which these resonances are lo-
cated (a ≈ 500a0 and a ≈ 367a0, respectively), one con-
cludes that the features lie close to each other. Intrigu-
ingly, an analogous correspondence between the dimer-
dimer loss minimum and the atom-dimer resonance is
observed in our Na-Rb system (see the thick grey ver-
tical line in Fig. 3). To confirm this feature, we take
another set of dimer-dimer collision data near a = a∗ad,Rb
with finer step size. The resulting data, taken at a tem-
perature of about ∼ 1 µK, are shown by triangles in
Fig. 3(b). Although the sample temperature for the new
data is higher than for the first data set, the minimum
near a = a∗ad,Rb is reproduced unambiguously. The fact
that the dimer-dimer loss rate coefficient shows a mini-
mum at or near the scattering length at which the atom-
dimer resonance happens in both homonuclear and het-
eronuclear systems may indicate some universal relation
between these three-and four-body processes. Currently,
this is not fully understood and more theoretical and ex-
perimental work is needed.
V. OUTLOOK
The experimental confirmation of long-predicted three-
body Efimov resonances in dilute ultracold gases is
a great triumph for the field of few-body physics.
While the Efimov scenario—and extensions thereof to
more particles—is most frequently discussed for identical
bosons, the Efimov scenario for bosonic and fermionic
mixtures has been studied theoretically from the very
beginning. Moreover, recent years have seen markedly
increased experimental efforts in preparing dual-species
systems, resulting in the experimental observation of
three-body Efimov resonances in mixed-species sys-
tems. These initial studies indicated that the few-body
physics in mixtures is qualitatively different from that
in homonuclear systems and that additional studies of
bosonic and fermionic mixtures in the three- and higher-
body sectors are needed to develop a solid understand-
ing of how Efimov physics manifests itself in cold atom
mixtures. The present work responded to this need and
experimentally and theoretically studied several previ-
ously unexplored few-body processes with an ultracold
Bose-Bose mixture consisting of sodium and rubidium
atoms and weakly-bound NaRb Feshbach dimers. Our
results for this Bose-Bose mixture not only testify again
the wealthiness of few-body physics in heteronuclear mix-
tures but they also have several important implications
and motivate possible applications.
Just as the atom-atom Feshbach resonance allows one
to control the effective atom-atom interaction strength,
the dimer-dimer resonance can be used to control the ef-
fective interaction strength between two weakly-bound
NaRb FMs. Going from B values that are smaller than
the magnetic field strength corresponding to a∗dd to B
values that are larger than the magnetic field strength
corresponding to a∗dd, the dimer-dimer scattering length
add can be tuned from positive to negative. In this sense,
the current experiment already created FMs with at-
tractive interactions even though the atom-atom scat-
tering length remains positive, corresponding to an effec-
tive repulsive atom-atom interaction [26]. This counter-
intuitive behavior can be quantified experimentally and
understood in a similar manner as for the atom-dimer
system [49]. An interesting question is whether it is pos-
sible to observe three-dimer Efimov resonances near a∗dd,
in analogy to three-atom Efimov resonances, i.e., Efimov
resonances on the negative dimer-dimer scattering length
side that originate from the energetic degeneracy of the
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hexamer state and the three-dimer system.
The low-energy sector of the homonuclear four-boson
system with, in absolute value, large atom-atom scatter-
ing length has been shown to behave universally. This
implies that the dimer-dimer resonances, the scattering
lengths at which rearrangement reactions are favored,
and the atom-dimer resonances are related via simple
universal relations [3, 26, 50]. Whether analogous uni-
versal relations hold for the heteronuclear case and if
they do, how these relations scale with the mass ra-
tio, are open questions. In answering these questions,
it is expected that the background intraspecies scatter-
ing lengths and finite-temperature effects need to be con-
sidered carefully [20]. The work presented in this paper
lays the groundwork for future explorations of heteronu-
clear few-body systems, which can be viewed as building
blocks of larger systems.
Importantly, our observations have valuable implica-
tions for a more efficient production of bosonic FMs
from ultracold atom samples. When the magnetic field
is ramped across the interspecies Feshbach resonance
during the magneto-association, unavoidably there ex-
ist various inelastic few-body processes that can lead
to detremental molecule loss. Radio frequency asso-
ciation [51], for instance in our system near the local
dimer-dimer loss minimum at 1600a0, should be able to
partially mitigate the loss problem. If the association
step can be made sufficiently efficient, obtaining a larger
molecular sample should be feasible.
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